A macrosegregation defect, commonly termed freckle, has limited the maximum diameter of remelted ingots of some Nbstrengthened nickel base superalloys. Two aspects of freckle formation were studied in three commercially important superalloys 718, 706 and 625: 1) the segregation characteristics which provide the driving force for freckle formation; 2) the solid development in the mushy zone which provides resistance to the flow inducing the defect. A Rayleigh number form freckle criterion that considers the effects of composition is derived. Freckle tendency of the alloys was evaluated using the experimental results.
Introduction
The production of remelted superalloy ingots has been driven by the increasing demand from the land based gas turbine industry. However, the size of remelted ingots in production has been limited because of some technical diff%culties. One of them is the risk of forming freckles. Freckle is a channel-type macrosegre ation, consisting of equiaxed grains and eutectic constituents?']. Because of its macrosegregation nature, thermomechanical processing after remelting cannot eliminate the problem in billet products. The freckle defect is considered very harmful to the mechanical property of final productst2~3].
Freckle has been found in directionally solidified and single crystal airfoils, steel ingots and remelted superalloy ingotsI'-']. Similar channel type macrosegregation was also observed in Al and Ti alloys I61 The formation of the channel-type defects is . believed to be related to the density gradient in the solidifying mushy zone. The density gradient is caused by the segregation of solute elements into the interdendritic liquid. This density gradient is unstable under the action of gravity. As a result of the convective hydrodynamic instability, plume flow can occur in the mushy zone. This may cause misoriented grains or eutectic constituents to form in the freckle trail17-"]. Several studies using transparent analog system NH&l-HzOIgl, binary tin alloysI**" and computer simulationI" have been successful in demonstrating freckle formation in upward unidirectional solidification and in static ingot casting. The formation of freckle during remelting of Nb-containing superalloys has also been widely studied and discussedI'3-'61. A positive density gradient is thought to occur in the mushy zone with respect to the direction of gravityI13]. A proposed explanation of the freckle presence in this case is that the positive density gradient produces flow of interdendritic liquid that is moving downward along the sloped pool profilet'4~'s1. Some experimental evidence also supports the notion that the flow in the direction of secondary dendrites is easier to activate when the solidification front is tiltedt'6*'71.
There are two basic approaches to control freckle formation in remelting. One is through the optimization of remelting practice. Improved electrode quality, intensified cooling, shallower pool and more stable melting reduce the possibility of freckles. However, in real melting the measures to intensify cooling is limited because the ingot size becomes so large that any forced cooling on ingot surface can not effectively penetrate to ingot interior. Melting system stability is limited because of the nature of remelting although significant improvements in melting control have been made.
Another approach is through alloy composition modification or alloy selection. The reason is that the density gradient inside the mushy zone is caused by solute segregation. If the segregation is so controlled that the density gradient during solidification is minimized, the risk of freckling can be reduced.
Alloy composition not only influences the segregation behavior, but also the solid evolution during solidification. Solid in mushy zone provides resistance to any interdendritic flow inside it, As more solid is formed, the possibility of interdendritic flow is reduced. 
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The segregation and the solid formation behaviors of niobiumcontaining superalloys were studied with the purpose to quantitatively evaluate compositional effects. Three commercial alloys, 718, 625 and 706 were analyzed. A relative Rayleigh number accounting for the compositional effect was derived from Flemings' freckle criterion. Experimental results obtained from the three industrial alloys are incorporated into the relative Rayleigh number to quantitatively evaluate the freckle tendency of the alloys. The effects of alloying addition on density gradient and solid evolution are discussed.
Exnerimental

Materials
Bulk chemical composition of the materials used for the study was measured by wet chemical method and is listed in Table I . The solidification temperatures of the alloys are also listed in the Table. Niobium is added to all three alloys. Among them, alloy 718 has the highest Nb content and is also the most difficult to remelt. Freckle is a possibility in large diameter remelted ingots of the alloy.
Microsegregation analvsis
A square mesh random sampling techniquet'*] was employed to measure the solute distribution in Ni-based alloys by EDS (Electron Dispersive Spectrometry). This method is essentially the same as the systematic point count method used in quantitative metallography for the measurement of phase volume fractionI1gl. A polished sample was examined under SEM to get a backscattered image. A square mesh was overlaid on the image field. The grid size of the mesh was on the order of secondary dendrite arm spacing. Composition was taken at the cross points of the mesh. The change between the sampling points was achieved by digital beam control. Multiple fields were measured to accumulate enough points for high accuracy. Analysis indicated that a total of over 100 points was needed for each sample12'].
The analysis was conducted on a JEOL JSM-6400 Scanning Electron Microscope (SEM) equipped with a fully automated PGT EDS. The operating voltage was 20 kV and the current of the condensing lens was 0.3 nA. Live sampling time for each point was 30 seconds. Multi-element standards were used for the analysis since the bulk composition of the samples was already kll0WI-l.
Cast structures analyzed were either samples solidified after DTA (Differential Thermal Analysis) tests or cut from industrial ESR (Electroslag Remelting) or VAR (Vacuum Arc Remelting) ingots. DTA tests were done on TA-1600 using samples of about 170mg and the cooling rate of 20°C/min. The alloy 7 18 VAR ingot had a diameter of 510mm. The diameter of the alloy 706 ESR ingot was 915mm. All the samples were polished but not etched.
Measured compositions were sorted to get a profile of composition vs. solid volume fraction in the dendrite structure. Details of the data presentation can be found in Ref'8~201 Solid fraction measurement Solid fraction during solidification was obtained by quenching. A special kit shown in Figure 1 was designed and installed inside a DTA chamber for the test. The specimen was positioned on top of the flat end of the pure alumina rod. The specimen held its shape by the surface tension of the liquid when it was molten. When a designated quenching temperature was reached, the specimen was pushed off the top of the ceramic rod by the pure alumina tube, as shown in Figure 1 . The specimen fell and was immediately quenched into the oil bath. Two differentially-connected thermocouples were positioned at the side of the alumina rod at a height just below the specimen. The thermocouples monitored the temperature and the phase transition in the sample. Figure 2 shows a curve recorded by the differential thermocouples, which clearly illustrates the melting points and the quench temperature. Actual tests show that the setup had very high reproducibility. The standard deviation in recorded melting point for an alloy is less than 1.5'C.
The quenching scheme was: heat to 1100°C at lOO"C/min, change to 20YYmin and heat to a temperature 30°C over the alloy melting temperature (load the specimen when the temperature reaches 1150°C in the meantime), soak for 3 minutes, cool down at 5"Clmin. The specimen was pushed off and quenched as soon as the cooling temperature had reached a set point. The specimen weighed about 100mg. Flowing argon was used to protect the specimen. Where C, is the alloy composition, C, is the solid composition at a solid fraction fs, f, is the liquid fraction and f, + f, = 1.
Resultant liquid segregation profiles are illustrated in Figure 6 . These liquid composition profiles will be used to evaluate the density gradient across the mushy zone. The seareaation characteristics The partition coefficient k for each element at a given solid fraction fs, can be calculated as the ratio of the solid composition to the liquid composition, k = C, /CL. The results are shown in Figure 7 for alloy 718. The partition coefficients of Nb, MO and Ti are smaller than 1. They are positive segregation elements, i.e., their contents in the liquid become higher as solidification proceeds ( Figure 6 ). Nb has the smallest k among the three elements. It is more severely segregated in alloys. Cr and Fe are slightly negatively segregated (Bl) and therefore concentrated in dendrite cores, as shown in Figure 5 . It is consistently observed that the segregation of Ti in the ESR or VAR structure is smaller than in the DTA solidified structure. This may be because the cooling rates in industrial alloys are much lower, 2Wmin in VAIUESR ingots compared to 20Wmin in DTA test.
The partition coefficients are dependent on the base composition of the alloys. Figure 8 shows k values of Nb, Ti and MO for alloy 625 and 706. Those of the VAR 718 alloy are also displayed in the figure for comparison purpose. The k of Nb and Ti decreases in the sequence from 625, 718 to 706. This follows the trend that alloy 625 has the least iron and alloy 706 has the most iron. This suggests the dependence of the coeffkients with the iron contents in the base alloys. Figure 8 Comparison of elemental partition coeffkients in the three alloys. 718 is measured from VAR structure, 706 is from ESR structure, 625 is from DTA sample Precision of the analysis The above random sampling method also provides an accurate measurement of the segregation profiles. Figure 9 shows the accuracy analysis by a Monte-Carlo simulation using similar parameters as in the SEh4/EDS random sampling experiment . Izol The standard deviations involved in the measured solid and the calculated liquid composition profiles change with the solid fraction. At smaller solid fraction, the deviation from actual composition is very small. The inaccuracy increases rapidly as the solid fraction approaches unity. This implies that the random sampling method can give accurate segregation results, unless the solid fraction is too high. The recommended limit of the solid fraction is$<O.&-0.8.
The random sampling has several advantages over some other methods. First it has very high accuracy. Second, it provides continuous segregation profiles covering most of the solidification range. Most other methods can only measure segregation at specific volume fractions, e.g., initial solid composition or eutectic composition. Therefore, the density gradient in the mushy zone can be accurately accessed by this method. Another merit of the method is that it uses conventionally solidified structure, no special specimen preparation is required. In addition to the accurate segregation profiles, the development of the segregation with temperature has to be determined to obtain the density gradient in mushy zone. This is because density changes across mushy zone come from both solutal and thermal effects, and that the thermal effect sometimes even forms a significant part of the overall density change in nickel-base alloys['51. The temperature-segregation relation was investigated by the quenching study of solidifying liquid.
Solid development during solidification
Quenched microstructure of alloy 718 can be found in Figure 10 . The rapid quenching chilled the interdendritic liquid and produced the fine microstructure located between the coarse dendrites formed during the slow cooling from the melting temperature. The interdendritic area looks brighter in SEM backscattered image because of the greater segregation of Nb and MO.
The composition of the interdendritic areas and the dendrite cores were measured by SEM/EDS. The result can be found in Figure  11 and Table II , respectively. The measured composition of the interdendritic area is consistent with the calculated profiles by the random sampling of conventional cast structure. The dendrite core composition indicates there was some back diffusion of Ti during prolonged holding at high temperature. But the diffusion did not produce statistically significant composition change, especially for other solute elements. It seems that the cooling rate of 5Wmin was fast enough to suppress strong back diffusion in the solid. Figure 11 Comparison of the compositions of the interdendritic area in the quenched microstructure (dots) and those calculated from random sampling of DTA sample (lines).
Solid fraction Figure 12 is the plot of the solid fraction vs. the temperature cooled from the alloy melting point, which is expressed as the temperature drop AT=T-TL. Here TL is the averaged cooling melting point of each alloy. T is the quench temperature. The transformation of liquid to solid is relatively fast during the solidification. At a temperature drop of 20°C more than 50% of the liquid has already solidified for both alloys. At the same temperature drop from the alloy liquidus, the solid content in alloy 625 is consistently higher than in alloy 7 18.
Prediction of the solid fraction Though experimental measurement of the solid traction during solidification by quenching or other means is effective, it is very tedious. Theoretical calculation methods were explored to predict the quantity from alloy composition or from the segregation profile measured. These include Thermo-Calc and empirical alloy melting point equation.
In the Thermo-Calc analysis, Thermo-Calc M version and the allelement nickel-iron database were usedI"]. Both equilibrium solidification and Scheil solidification modes were assumed in the calculation.
The melting temperature equation used is where TL is the melting point of an alloy, in "C. C is the composition of an element in nickel base alloy, in wt%. To and m are constants (Table III) Figure 13 shows the calculated and the experimentally measured liquid fractions. The difference is large for Thermo-Calc results. Neither equilibrium nor Scheil solidification of Thermo-Calc gives results close to experiment, The deviation also enlarges as temperature drops, when the interdendritic liquid becomes more and more enriched with Nb and other solute elements. Therefore, the difference in Thermo-Calc calculation can not be narrowed by compensating the undercooling effect, back diffusion in the solid or other kinetic factors.
The interdendritic liquid composition in the random sampling method was input in the empirical melting point equation (2) to get the melting temperature. Obtained temperature -liquid fraction results are sketched in Figure 13 . They are closer to experimental ones. The difference becomes stabilized after the initial transition at the low solid fractions. A temperature difference of about 12°C is observed between the calculated and experimental results. This temperature difference is of the same order as that of the undercooling. Therefore it is expected that the empirical melting point equation can be used to predict the solid evolution speed in the mushy zone if the undercooling correction is made.
The freckle tendency
Relative Ravleigh number Many criteria were proposed in the literature for freckle prediction and prevention. Through careful examination of these criteria using experimental results, Flemings' macrosegregation criterion was found best for defining freckle phenomenont231. The explanation of the criterion is that if the flow of interdendritic liquid along crystal growth direction is faster than the crystal growth speed, freckle defect will be developed as a result of the structural instability t241 Figure 14 is a schematic showing the crystal growth and the interdendritic flow at the tilted solidification front of remelting, where V is the velocity of the interdendritic flow, R is the crystal growth speed. According to Flemings' theory, freckle is expected to form in the tilted solidifying mushy zone if the derivative of V in the R direction is greater than R.
The velocity of the interdendritic flow, V, can be obtained by Darcy's law, which describes the liquid flow through porous media. However, for the remelting process, two factors make the computation more complex. One is the tilt angle of the solidification front, p. The other is the the angle Q, which is needed to maintain a negative density gradient to drive the flow along the solidification front. Therefore the interdendritic flow velocity will have the following form if both angles are considered:
v=~f(a,p) I.
Where Ap is the density difference, Ap = (p -p,,)/p,, p. -density at alloy melting temperature, g -gravity, v-viscosity of interdendritic liquid, II -permeability of mushy zone, fL -local liquid fraction. The tilt effect of the solidification front and the deviation of the flow from the front are included in the function f(a,P).
The comparison of the derivative of V in R direction results in the following criterion:
This is a criterion written in the form of a Rayleigh number. But its physical meaning is that same as Flemings'. In Eq. (4) Exact calculation of equation (4) requires, first of all, the definition of the slope effect, the function F(a$), which is not understood at the present time. Accurate information of the dendrite spacing and physical parameters of interdendritic liquid is also required to calculate the permeability and other parameters. A reasonable approach to use the equation for freckle study is through some simplification.
For semi-quantitative analysis considering the composition effects, dendrite parameters, pool slope and physical parameters can be neglected, provided that the alloys studied have similar constituents and are processed under similar remelting schemes, If the permeability factor in equation (4) is split into two multiplying terms, I-I = n( fL) . n(G, R) , with the first part considering the influence of solid fraction and the second part the processing (dendrite) effect, equation (4) This criterion considers only the composition effect, it can be used to compare the freckle tendency of similar alloys. Therefore we will call it relative Rayleigh number in the sections followed. In equation (5), n(fL) is the overall permeability in mushy zone. For the flow along secondary dendrite arms, II usually takes the form JJ(fJ cc fy4 for a given liquid fiaction1251. Detailed discussion about its calculation can be found in Refiz3].
Freckle tendency of the allovs
With the segregation profile and the solid formation information, it is possible to quantitatively evaluate the freckle tendency of an alloy. Density of the interdendritic liquid was calculated by the molar addition methodt263271 using the software Metals. In the calculation, correction was made to include the mixing effect proposed by Sung et al [*'I Compared to the experimental . measurements of the liquid density of several superalloys1281, the error in our calculation was less than 4%.
Obtained density changes of the three alloys studied are illustrated in Figure 15 . The density difference is calculated relative to the alloy's density at its liquidus temperature. As the liquid fraction decreases, there are both changes in the composition of interdendritic liquid and in the temperature. Therefore, Figure 15 shows the overall density difference from both solutal effect and thermal effect. The interdendritic liquid density in alloys 718 and 625 increases as liquid fraction is reduced. Alloy 706 shows the opposite behavior. The absolute density gradient increases in the order 706,625 and 718. Figure 15 Density difference of interdendritic liquid in mushy zone of industrial alloys Figure 16 shows the calculated relative Rayleigh number for the alloys. It is revealed that the maximum Rayleigh number value is not reached at the bottom of the mushy zone, where fn+O. Instead, it is reached mid-way in the mushy zone. The reason is that there are two competing factors controlling overall Rayleigh number. One is the density, which increases monotonically as liquid fraction decreases, giving greater driving force for liquid flow.
However, the decrease in liquid fraction eventually overweighs this density difference effect, giving greater resistance to the flow. Therefore, a peak effect is observed. For 706 the maximum is reached at about 40% solid fraction. In 718 this is at about 60% solid fraction. Freckle flow most likely initiates in a place where the maximum Ra value is reached. Therefore, freckle flow starts deeper in the mushy zone in 718 alloy.
Comparing the maximum value of Ra, for the three alloys, 718 has the highest Rayleigh number and alloy 706 has the lowest. This corresponds to industrial observations that alloy 706 is the easiest to remelt in the three alloys. Much larger ingots can be made from the alloys. Alloy 718 is the most difficult to process. Usually the ingot diameter is limited to about 510mm for high Nb rotor grade chemistry. The above evaluation of the freckle tendency reveals why alloy 718 is prone to freckles. The alloy happens to have a combination of both high density gradient and a slow solid growth development as a result of the high content of Nb and its strong segregation nature. Generally, the trend in the Rayleigh numbers of the three alloys follows that of the density gradient, i.e., higher density gradient implies higher possibility of freckling. Therefore, the primary choice of alloying is to reduce the density gradient resulting from the elemental segregation. Among the major alloy strengtheners, Nb strongly segregates into the interdendritic liquid and makes the liquid there heavier. Ti, on the other hand, segregates into the same place. Therefore, one approach to reduce the segregation related density gradient is to balance the alloying of both elements. 706 is a good example of this balanced alloying. The alloy has a reduced content of Niobium and a higher TiMb ratio. Even though the alloy contains a large amount of Fe, which makes the Nb segregate more severely, the tendency to freckle is reduced.
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Conclusions
For the evaluation of the freckle tendency of an alloy, quantitative determination of the segregation behavior and the solid growth during the solidification are pertinent for the calculation of the density distribution and permeability inside the mushy zone. The study explored methods to obtain the necessary data by experimental measurement and theoretical calculation. Based on the precise measurement of the segregation behavior in cast structures and the solid formation process, the freckle tendency was examined for three commercial alloys. The trend in the calculated relative Rayleigh number follows the melting observations that alloy 718 is the most freckle prone and alloy 706 the least.
The segregation profiles in Nb-containing superalloys were obtained by SEM/EDS analysis using the random sampling method. This method has the capability to provide high precision continuous composition profiles from as-cast materials from industrial ingots or laboratory solidified samples.
The progressive development of solid was studied using quenching method. It was found that the speed of the solid evolution during solidification is very fast for the alloys studied. At the same degree of cooling, more solid is formed in alloy 625 than in alloy 718.
More accurate prediction of the solid formation during solidification can be accomplished by the empirical melting point equation. Further development in the thermodynamic analysis and the database is needed to improve its accuracy of calculation.
Density gradient and relative Rayleigh number calculation reveals that alloys 718 and 625 have a positive density gradient in the mushy zone;alloy 706 has a slightly negative density gradient. The freckle tendency predicted by the relative Rayleigh number decreases in the sequence 718 , 625 and 706. Among the three alloys, alloy 718 has the highest freckle potential.
